OBJECTIVE: This report describes a multidisciplinary design project conducted in an academic setting reflecting a systemsoriented, human-centered philosophy in the design of neonatal incubator technologies. STUDY DESIGN: Graduate students in Architectural Design and Human Factors Engineering courses collaborated in a design effort that focused on supporting the needs of three user groups of incubator technologies: infant patients, family members and medical personnel. Design teams followed established human-centered design methods that included interacting with representatives from the user groups, analyzing sets of critical tasks and conducting usability studies with existing technologies. RESULT: An iterative design and evaluation process produced four conceptual designs of incubators and supporting equipment that better address specific needs of the user groups. CONCLUSION: This report introduces the human-centered design approach, highlights some of the analysis findings and design solutions, and offers a set of design recommendations for future incubation technologies.
INTRODUCTION
Neonatal incubators were first used in the United States in the 1890s, following the success of prototypes developed in Russia in the 1830s and France in the 1890s. 1 These early devices were inspired by poultry incubators and were designed to serve the same function, which was essentially to keep newborns warm. Even though the designs were very rudimentary, they had a significant impact on outcomes. 2 Over the years, additions and changes to the basic design have increased the positive effect on outcomes, in all contributing to a dramatic reduction in mortality rates for pre-term infants. 3 For example, the Lion incubator, first displayed in 1898 at the Omaha Exhibition, provided an improvement over its predecessor by connecting the device to external ventilation that drew outside air. 3 This model was superseded by the Sarah Morris station in 1931, which was equipped with an oxygen tank. 1 Subsequent advances to individual system components included heating elements, air circulators, humidity controls and environmental and physiological sensors.
Over time, the technological advancement of incubator technologies has slowed; in fact, the fundamental design of the incubator has remained largely unchanged for at least 30 years. This is despite recent research, which has highlighted issues with existing designs that could (and should) be improved, including acoustical properties, control of lighting, cleanability and shielding of electromagnetic fields. 1, 4 In particular, incubators could do more in their role as the 'last line of defense' that protects infants from exposure to external lighting and/or sound at excessive levels. Such exposures are particularly harmful to the development of the infants' sensory and central nervous systems and can potentially lead to other health issues later in life. 1, [5] [6] [7] In addition, incubators may be able to do more to protect sleeping infants from stimulation that could disrupt sleep cycles. Interrupting these cycles prevents or limits the amount of rapid eye movement (REM) sleep, during which some of the most critical growth and cognitive development takes place. 8 Although design improvement efforts should first focus on better care for the infant, improvements can be made to the design of incubators and surrounding care space in other areas as well. One area for improvement concerns the energy efficiency of technologies and other environmental sustainability considerations. 9, 10 Economic issues are also very important, and some recent designs, such as 'car parts' incubators, 11 have demonstrated how sufficient incubation systems can be constructed inexpensively with parts that are readily available even in resource-constrained parts of the world. Finally, improvements could be made to support medical staff and parents in their interactions with the incubators, as these groups of people are ultimately responsible for the care activities that the technology helps provide. For these groups of people, considerations must be given to usability issues in the tasks of programming, monitoring and managing the incubator technologies, as well as to ergonomic issues in supporting visual and physical access to the infant.
Given the breadth of design considerations that could be addressed, designers must be careful to not focus too narrowly on a small set of design goals, or else risk that satisfying the chosen goals leads to exacerbating other existing design problems or introducing new ones. This caution is especially relevant in the design of incubators, as there are several of sets of design goals that are in direct conflict. For example, healthy development of neonates' visual sensory systems requires that ambient lighting levels be kept relatively low, but visual observation of the infants by parents and medical personnel is better supported by high levels of illumination. One way to handle conflicting design goals for incubators is to analyze the role of the incubator from a systems perspective, and find design solutions that lead to improvements in addressing the goals of the overall system. The incubation system A mother's womb is a complex system that provides the necessary environmental conditions, as well as nutritional and other needs, to support healthy growth and development of the fetus. The growth and development of premature infants depend in large part on how effectively a system of technologies and people in a care setting can replicate the roles and functions of the biological system, that is, the womb. Therefore, quality of care for the infant must be considered as a product of the holistic 'incubation system' that requires cooperation among many diverse technological and human components. This system includes not only the incubator technologies, but also other peripheral technologies such as ventilators, feeding and medication delivery machines, phototherapy lights and physiological monitoring sensors and displays. Human caregivers must also be considered in this system, as they are involved in interacting with the technologies and performing the care tasks that cannot be easily or satisfactorily automated. Finally, the environment in which the care activities are performed (such as a neonatal intensive care unit (NICU)) must be considered part of the system. Characteristics of the care environment (such as its physical layout, ambient temperature, lighting, sound levels and properties of flooring, wall and ceiling surfaces) ultimately have roles in the neonate's development either directly or indirectly by affecting the performance of caregivers.
A number of approaches to analysis and design take a systemslevel perspective and may be applicable in analyzing and designing an effective incubation system. For example, one model tailored for systems analysis in health-care contexts is the Systems Engineering Initiative for Patient Safety model. 12 This model provides a framework to facilitate understanding of how quality of care is an emergent property of many components of a health-care system, as well as the relationships between and interactions among them. Following the Systems Engineering Initiative for Patient Safety model (with core model components in italics), the incubation system is defined as groups of people (for example, neonate patients, nurses, neonatologists, other clinical personnel and family members) interacting with tools and technologies (incubators and peripheral technologies) to perform necessary tasks (controlling environmental conditions, monitoring and managing the patient's physiological state and promoting familial bonding) within the care environment (NICU), all under the context of larger organizational conditions (safety culture, teamwork among employees and policies about involving family members in infant care). 12 An exhaustive systems-level analysis of the incubation system can foster understanding of how various components and component interactions ultimately fulfill the goals and/or functions of the system (for example, healthy growth and development of the neonate). With this complete understanding, the system can be improved by making changes to any one or multiple the components so that the goals/functions can be achieved with higher quality and/or less cost. For example, changes can be made in the people component through hiring selection or new training procedures; tasks can be changed to make them less error-prone or time-consuming; and/or organizational conditions could be modified by installing new policies. However, for various reasons, it is not always practical to consider changes for each component. In these cases, design efforts can be scoped to the components of interest as long as reasonable considerations are given to how design changes in these components may affect interactions with other components, and how the changes would contribute to overall system performance.
Human-centered design
The goal of the current study was to improve the incubation system through the redesign of the incubator technology. A systems-level design approach that emphasizes changes to the tools and technologies component fits with a user-or humancentered design philosophy. 13, 14 Human-centered design essentially means that designers should have an understanding of the needs of system users (that is, humans) and design technologies specifically to meet those needs. In contrast with technology-centered design, human-centered design represents a better approach to improving a system because users are not forced to conform to new technologies or adapt to a new way of performing familiar tasks, which can lead to system problems when users resist these changes.
The remainder of this report details a human-centered approach to the design of incubator technologies that was conducted with multidisciplinary teams of graduate students. This approach began with acquiring an understanding of the needs of different user groups as they perform different tasks that contribute to the overall system goal of supporting the growth and development of neonatal patients. The groups were also required to understand how other system components, such as characteristics of the care environment, affect this set of needs.
Creative designs of incubator technologies were then created to specifically address these needs. By following this procedure, the human-centered incubator designs feature solutions that can improve the effectiveness of the overall incubation system.
METHODS
During the fall of 2011, 27 graduate students at Texas A&M University from two graduate courses-Architectural Design and Human Factors Engineering-formed multidisciplinary teams for this semester-long project. The teams followed a human-centered design approach in three phases: (1) data collection (understanding the needs of the human users in the system); (2) task analysis (identifying ways that care activities that must be emphasized in, and/or could be better supported by, redesign of incubator technologies); and (3) creation of the initial and revised designs.
For the data-collection phase, teams first sought to have at least a cursory understanding of each component of the incubation system. This was achieved through literature reviews on the history of incubation systems and on the historical and current challenges to providing safe and effective care for pre-term infants. The remaining data-collection activities focused primarily on three system components: the human users, the NICU environment and the tasks that were performed by the users in the environment. The users involved in the incubation system include three distinct groups of people, each with its own unique roles and needs that must be satisfied by the functions of the system: (1) the infant patients; (2) the medical practitioners who interact with the infant and the various care technologies; and (3) the family members, or more generally, caregivers who are not medically trained. Family members have been relatively overlooked in most incubator-design efforts, although many facilities encourage a larger role for family members in neonatal care activities to ease the burden on nurses and facilitate familial bonding. 15 To gain a deeper understanding of the roles and needs of each user group, design teams interacted with representatives from these groups, including a neonatologist (who could contribute from his role as a practitioner and also speak for the needs of the neonate users), several NICU nurses, a NICU architectural interior designer and a family member who spent significant time in the NICU. Interactions with many of these user-group representatives were structured and unstructured interviews in person or via Skype. Data collection with NICU nurse users primarily involved in situ observation and ethnographic study techniques. 14, 16 One such technique involved having the nurses conduct certain care activities and 'think aloud' for each step in the activity. 14 Students gathered details via follow-up questioning when it did not interfere with the activities. Another-the 'critical incident' technique-involved nurses describing the details of an event when something went wrong with the incubation system that ultimately resulted in a stressful situation. 16 These details tend to be particularly memorable and therefore useful for determining areas for improvement in the system. 16 Following the completion of data collection, groups performed in-depth analyses on a subset of tasks for one or some of the user groups (for example, feeding, programming infusion pumps, administering various types of therapy and physiological monitoring) to narrow the scope for the remainder of the project. These analyses necessarily included considering the role of the environment in which the tasks were conducted. A key environmental issue that has an impact on the effectiveness of the incubation system is whether care is provided in a private room or shared room setting, 17, 18 therefore each group was required to design the layout for the care space in which the incubators would reside, and consider this setting in the task analysis and incubator-design phases.
A major part of the task-analysis project phase involved the creation of Hierarchical Task Analysis trees. Hierarchical Task Analysis trees are a useful way to illustrate system goals and functions and how they are fulfilled by sets of tasks (which are additionally illustrated as sequences of component subtasks). 16 These illustrations could then be used to answer questions about how and why the activities associated with the chosen tasks of interest were performed, and ultimately to identify potential improvements in the incubation system that could be achieved with changes in task activities and/or technological support for the activities.
To gain a deeper understanding of how existing technologies support the task activities that were described in the Hierarchical Task Analysis trees, the teams performed usability heuristic analyses on a Giraffe Incubator that was provided by GE Healthcare (Laurel, MD, USA) for the purposes of this project. Heuristic analysis is widely practiced in a variety of design disciplines, and is one of the easiest and fastest ways to identify a relatively large number of potential issues human users may have in using, or attempting to use, a particular technology (that is, the technology's 'usability'). 19, 20 For this project, groups followed the procedures outlined by Nielsen, 19 and were guided by Nielsen's list of 10 usability heuristics 20 as well as a modified list developed specifically for medical devices. 21 The results of these analyses were lists of identified design issues that affected the usability of the technology with respect to the different user groups. A separate procedure was used to rate the 'severity' of the identified issues, and those that had the highest ratings were targeted in the redesign efforts when feasible.
Each data-collection and analysis activity (literature review, interviews and ethnographic methods, and task analyses and usability analyses) served to inform the ongoing design effort headed by the Architectural Design students. These designs were iteratively revised and refined throughout the duration of the project.
RESULTS
This section first briefly introduces findings from data collection and analysis that focused on the three components of interest in the incubation system: the users, environment and tasks. We then provide details of the final versions of each of the four incubator designs, which were iteratively refined as the design process was informed by analysis results.
Users Table 1 below outlines examples of the roles of the three user groups of interest, and the needs of those groups that are provided by a well-functioning incubation system. Note that although many of the roles and needs currently involve interacting with incubator (or peripheral) technologies, following the human-centered design approach, the descriptions focus on the care needs and not on technological capabilities.
Environment
The primary environmental factor considered by the incubatordesign teams was the layout of the care setting. Each team therefore designed a care space that would be considered as the setting for the tasks being analyzed, and ultimately the incubators were designed for placement in these settings. One group chose an open floor plan, one chose a setting consisting primarily of semi-private rooms and the other groups created plans that were a mix of the two extremes.
In practice, each type of setting is characterized by differences in ambient light and sound levels, temperature-control methods, visibility of patients and physiological displays, infection control procedures and ease of access to auxiliary equipment. Stress levels for family members and caregivers may also vary between the two settings. Although shared room settings can better support Preliminary studies suggest that single-family room environments are preferred by staff and families, in terms of lower stress levels and higher satisfaction with the care experience. 17 Other general environmental considerations include the amount of natural and artificial light and sound levels in the care setting. Sound levels are typically much higher than recommended standards, 5 and depend heavily on the acoustical properties of flooring/wall/ceiling materials, as well as proximity to and insulation from noise sources such as heating, ventilation, and air conditioning (HVAC) systems. The space and layout of equipment and furniture within the care setting can also affect the tasks. For example, space limitations often require that some equipment, such as phototherapy lights, be stored elsewhere and thus additional steps may be required to find and relocate this equipment when it is needed. Finally, the 'spaghetti' of tubes and wires that can include connections to oxygen ports and power supplies can constrain or interfere with movement around the space, thus need to be considered in the analysis of care activities that required accessing the infant.
Tasks
Each design team chose a relatively small subset of high-level tasks, to allow for depth of analysis with those tasks. Drawing on the input from the data-collection phase of the project, these tasks were identified as ones that could likely be better supported by the incubation system. Examples of these tasks include: physiological monitoring and management; bottle, gavage or breast feeding; diaper changing; administering phototherapy; managing provision of oxygen, fluids or medication; adjusting incubator temperature or humidity; hand-hygiene practices; and machine inspection and maintenance tasks. Figure 1 shows an example excerpt from one of the Hierarchical Task Analysis trees that were constructed by each group. The excerpt outlines the sequence and relationship among cognitive and physical work subtasks that must be completed as part of an 'Access the baby' task. 'Access the baby' may also be considered a subtask of several other higher-level tasks, such as feeding tasks.
The teams then exhaustively analyzed the different ways each task could be conducted with existing technologies by drawing on their experiences from observing nurses conduct these tasks in the NICU, and also by roleplaying as hypothetical users in a controlled setting with the incubator technology that was provided for this project. These hypothetical users would represent a variety of individual characteristics (such as profession and level of experience with the technology) and would attempt the tasks under different contexts (such as under varying degrees of workload). Using the set of design heuristics as a guide, the groups generated a list of design issues that could be targeted in improvement efforts to better support users as they conduct the task activities. Table 2 is adapted from excerpts of one team's heuristic evaluations, highlighting examples of some of the more severe design issues that were targeted in redesign.
Incubator designs Each of the first two project phases-data collection (including user and environmental analysis) and task analysis-served to inform the design effort headed by the Architectural Design students. These designs were iteratively revised and refined throughout the duration of the project, culminating in the following designs being created as the final phase of the project. Pod incubator. Goals: The primary design goals for the Pod incubator design team were enhancing communication about the infant's medical status with families, noise reduction, and improving access to infants by families and staff. In order to accomplish these goals, the design team focused on amenities that would increase visual access to the baby, increase awareness of the acoustical environment, and support interaction between the baby and the caregivers (Figure 2) . iBaby incubator. Goals: The primary objectives of the iBaby incubator design team were ease of access to the infant, reduced interior noise levels, control of light transmittance, family comfort and reduced impact of the alarm system on the baby. Various technologies, such as electrochromic glass and ultraviolet light, were incorporated to accomplish these ends (Figure 3 ).
Eggshell incubator. Goals: The Eggshell incubator was developed to provide a safer piece of equipment for the babies and family members, as well as a need for a friendlier 'baby bed' to ease anxiety for both babies and family members. The primary design goals were ease of access by parents to provide kangaroo care, and high visual aesthetic appeal through graphical design while meeting basic functional requirements, as well as improving upon some functions such as regulating temperature, noise and radiation (Figure 4) . Stork incubator. Goals: The specific design goals for the Stork incubator team addressed the needs of each user group: medical personnel, infants and family members. To address the needs of medical personnel, design goals included more storage area, unobstructed views and adjustable height of the infant bed to accommodate staff members of different statures. For the infant, the designs sought to create a more comfortable atmosphere by managing light and noise in addition to temperature. For families, the intention was to create a less intimidating piece of equipment by managing cables and providing better access to the infant ( Figure 5 ).
DISCUSSION
In the more than 100 years since the first incubator technologies were put into use, little has changed regarding the fundamental design of these technologies. Although the technologies have had a substantial positive impact on infant mortality rates, 3 many design issues have been identified to further improve their effectiveness. 1 To understand how further improvements could be made, it is necessary to consider not only the technology immediately surrounding the infant but also a broader system defined by the technologies, people and environmental factors involved in care for the infant. These system components cooperate and interact in complex ways, with the quality of care Eggshell incubator features
• Awning incorporates individualized lighting and focuses solely on the baby below rather than adjacent babies
• Fold-out trays
• Fold-down screen display and control panel
• Eggshell structure to provide a sense of projection and safety
• Infant bed rotates on the stand to provide maximum access
• Bed enclosure moves up/down to accommodate a person in a chair, bed or standing
• LCD monitor extends and can be angled to accommodate the infant bed at any height
• Interchangeable decals to allow graphic customization and personalization 
Stork incubator features
• Enhanced data display to clarify the operating temperature control mode (in response to confusions between "baby mode" and "air mode")
• Double-walled hood to provide better temperature control
• Enhanced acoustical control
• Color-coding of tubes and cables to minimize confusion among service connectors
• Antimicrobial protective coatings on surfaces
• Constructed from UV-stabilized PVC to protect surfaces from degradation Issues with access to infant Make the position of the infant bed adjustable and the entire incubator easily movable, so as to support interaction for family members of different capabilities and during various stages of recovery (for example, in bed, seated, standing).
Negative psychological impact of technology
Reduce anxiety associated with equipment by making incubator look more like a baby crib.
Reduce stress on family members by minimizing their exposure to noncritical alarms. Assure that alarm systems communicate problems in ways that can be understood by people who lack medical training.
Family-child bonding issues Support personalization through message screens and 'crib' decorations Assure that access and positional adjustment capabilities of the infant bed support critical bonding activities, such as breastfeeding and touching
Provide remote viewing capabilities for family members to see the child, for example, via a secure video feed, for times when members cannot be physically present Participation in care activities Provide care training and education via displays embedded in technology with step-by-step instructions and procedure animations for the infant and its healthy development being an emergent property of the system. Following a systems-oriented analytical approach, the design effort described in this article emphasized human-centered design. This required gaining an understanding of the needs of the different user groups (infants, medical practitioners and family members) within the incubation system. Informed by data-collection and analysis methods that are well-practiced in the field of Human Factors Engineering, multidisciplinary teams of students were able to develop environmental and incubator technology designs that could better support the needs of the three user groups. This approach can be contrasted with commonly observed 'piecemeal' design improvement efforts, which benefit some system components but may also inadvertently have a negative impact on other components. The designs detailed here instead focused on improvements that can increase the effectiveness of the incubation system as a whole.
Though each team focused on different care environments and tasks, there were a number of common design issues and similarities in the techniques used to address these issues. Table 3 outlines some of the key design issues for each user group, and offers some guidelines for how they may be addressed.
One of the main strengths of the design approach employed in this project is the multidisciplinary backgrounds of the design teams. The combined expertise of Human Factors Engineering and Architectural Design allowed teams to gain deeper insight into how the human, technological, architectural and aesthetic aspects of the incubation system contribute to addressing the various needs of the system users. This supported the systems-level approach to defining design needs and allowed a wider perspective of design issues to be examined, including psychosocial, ergonomic, usability, safety and sustainability issues.
The design recommendations generated from this study are intended to influence the development of future infant incubators. However, two major limitations must be recognized. The first limitation is that the student teams were not required to consider the costs of materials or fabrication in their designs, which means that the costs associated with some design features will not necessarily be justified by their potential benefit. Obviously, equipment manufacturers do not have the luxury of disregarding these costs, but perhaps cost-effective ways can be found to achieve the same functionality as some of the design features. The second limitation is that these designs were created in a virtual space and evaluated in a hypothetical environment. Although the designs are rooted in evidence-based principles (that is, those that have shown to have a positive effect on the quality of care in practice), they have not been built and tested in a real, physical environment with representatives of the user groups. With more time and resources, the researchers would have built, evaluated and refined the designs of physical prototypes of the incubators, as this would be the best way to ensure that the designs truly improve the overall incubation system.
In conclusion, this report details a design approach that is likely different in many ways from traditional approaches to incubator design. Most notably, the approach emphasized an understanding of how the technology fits into a system of humans and technologies that provides care for ill and/or pre-term neonates. The approach also involved motivating design goals by what best supports the needs of the human users, rather than by what is technologically feasible. Given that the fundamental design of incubators has not changed significantly for many years despite evidence that it should, the approach detailed here and the design recommendations that have followed represent a promising guide for enhancing patient outcomes with improved incubator technologies.
